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Maximum Marginal Likelihood Estimation

With an Expectation-Maximization Algorithm

for Multigroup/Mixture Multidimensional Item Response
Theory Models

Jianbin Fu

Educational Testing Service, Princeton, NJ

A maximum marginal likelihood estimation with an expectation - maximization algorithm has been developed for estimating multi-
group or mixture multidimensional item response theory models using the generalized partial credit function, graded response func-
tion, and 3-parameter logistic function. The procedure includes the estimation of item parameters, attribute population distribution
parameters, and test takers’ attributes. All estimation functions and derivatives are provided. This procedure has been implemented in
an R program. A simulation study has been conducted using this R program on various models related to the generalized partial credit
function, and the result shows reasonable parameter recovery.
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doi:10.1002/ets2.12272

Since Bock and Aitkin (1981) first applied the maximum marginal likelihood estimation with expectation - maximization
algorithm to item response theory (IRT) models, MML-EM has been widely used for these models. The application of
(MML-EM) MML-EM to IRT models has been discussed in, for example, Baker and Kim (2004, Chapter 6), Cai (2010a),
Gibbons and Hedeker (1992), Glas (1992), Moustaki (2000), Muraki and Carlson (1995), Verhelst and Glas (1993), and
von Davier and Yamamoto (2004). The MML-EM presented in this research report for general IRT models is the direct
extension of the algorithm for a single group unidimensional generalized partial credit model (GPCM) discussed in von
Davier and Yamamoto (2004). In particular, it extends the GPCM (Muraki, 1992), graded response model (GRM; Same-
jima, 1969), and three-parameter logistic model (3PL; Birnbaum, 1968) to accommodate multiple attributes and multiple
observed or latent groups.

The extended IRT models allow analyses of data from an instrument that measures multiple attributes on multiple
groups. An attribute refers to a skill or knowledge that is measured by an item. For example, a Grade 4 mathematics test
may measure the following four skills: numerical representations and relationships, computations and algebraic repre-
sentations, geometry and measurement, and data analysis and personal financial literacy. Attributes are assumed to be
continuous. The groups could be either observed or latent. If observed, they are referred to as multigroup IRT models
(Bock & Zimowski, 1997); if latent, they are called mixture models (Rost, 1991; Uebersax, 1999; von Davier & Yamamoto,
2004). The models are quite flexible at the group level given that a model is identified: (a) Each observed group is allowed
to take a different set of items; (b) item parameters and the distribution parameters of continuous attributes can be fixed,
free, or constrained to be equal across groups; and (c) attribute sets are allowed to differ across groups. For a group,
the population distribution of attributes is assumed to follow a multivariate normal distribution that is approximated by
multivariate Gauss - Hermite quadrature (Davis & Rabinowitz, 1984; Heiss & Winschel, 2008; Jaeckel, 2005).

Although all or some of the multigroup/mixture multidimensional IRT models mentioned previously can be esti-
mated by programs for complicated IRT models, for example, MIRT (Haberman, 2013), mdltm (von Davier, 2008; von
Davier & Xu, 2009), mirt (Chalmers, 2012), and flexMIRT (Cai, 2017), the full details of the MML-EM estimation have not
previously been presented. The MIRT package employs log-linear modeling and implements the maximum marginal like-
lihood method with the stabilized Newton - Raphson algorithm, which is different from MML-EM. Cai (2010a) provided
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a description of the MML-EM procedure in the appendix; however, his coverage of the maximization step was brief: He
only mentioned “standard Newton-type” maximization and referenced the derivatives. For the derivatives of item param-
eters, he cited Baker and Kim (2004); however, this book only contains derivatives for unidimensional IRT models. For
mirt and mdltm, the description in the documentation of MML-EM implementation is limited, especially on the maxi-
mization step. It appears that in mirt, the first and second derivatives of estimated parameters are not calculated based on
explicit analytic derivations, and existing maximization routines are used. In this report, the Newton-Raphson method
and the formulas of the first and second derivatives of all estimated item parameters and the first derivatives of attribute
population distribution parameters are presented.

The main purpose of this report is to present a detailed description of the MML-EM algorithm for general IRT models
that many psychometricians can follow. In the following sections, the estimation method is first described including MML-
EM estimation of item parameters and attribute population distribution parameters, and attribute estimation (scoring).
This is followed by a parameter recovery study on variant models of GPCM using an R program (R Core Team, 2017) that
implements the MML-EM estimation described previously. Finally, a summary of the report is provided.

Estimation of Item Parameters and Attribute Distribution Parameters With a Maximum Marginal
Likelihood Estimation With an Expectation—Maximization Algorithm

First, let us set up the notation. There are a total of I items and the associated ] continuous attributes. The relationship
between items and attributes is defined by an item by attribute incidence matrix Q with an element g;; = 1 indicating
that item i (i =1 to I) relates to attribute j (j =1 to J) and g;; = 0 indicating that item i does not relate to attribute j in
any way. There are a total of N test takers who belong to G observed or latent groups, and each group has N, (¢ =1 to
G) test takers. Let G be a vector denoting all test takers’ group memberships. The attribute set associated with group g
includes J, attributes, and the set of attribute indexes (i.e., j) is represented by j,. Note that attribute sets could be different
across observed groups but must be the same across latent groups. The set of attributes in j,, denoted as 8, are assumed to
follow a multivariate normal distribution with a mean vector M, and a variance - covariance matrix X,. The multivariate
normal distribution is approximated by J,-variate Gauss - Hermite quadrature points with D quadrature points on each
dimension, resulting in a D’s-grid with node vector o, and weight ©; (=1 to L,, where Lg=D]g ; Davis & Rabinowitz,
1984). Each element in @; is denoted as w,y;, referring to the quadrature point of attribute j in node vector / in group g.
In each group g, test takers respond to a set of I, items, and the set of item indexes (i.e., i) is denoted by I,. Note that
item sets could be different across observed groups but must be the same for latent groups. Item i has M; score categories,
Sim (m =1 to M;). Item category scores s;,, can be any real numbers; usually the integers from 0 to M; — 1 are used, for
example, s;; = 0,5, = 1,and s;3 = 2. In each group g, there are P, item response patterns X,, (p = 1 to P,) with individual
item responses X,,;, i € I, and there are N, test takers having response pattern X, with associated attribute vector 6.
Subscript g may be dropped from X, if item response patterns are the same across groups, for example, in latent groups,
and subscript pis dropped from x, if item response patterns are not referenced. Let N, denote the number of test takers
having response pattern X, across groups. The set of all item response patterns across groups is denoted as X, and the
set of all test takers’ attribute vectors across groups is denoted as 0. The probability of an item response depends on a test
taker’s attribute parameters and the item’s parameters, and conditional independence is assumed among item responses
(responses are independent conditional on the J attributes). The item parameter vector for item i in group g is denoted as
1,;> and the item parameter vectors for all items and attribute population distribution parameters in group g, and across
all groups, are denoted as 1, and 0, respectively.

The EM algorithm (Bock & Aitkin, 1981; Dempster, Laird, & Rubin, 1977) involves an iterative process that repeatedly
executes two steps: an E step and an M step. In the E step, the expectation of the complete data log-likelihood with respect
to the posterior distribution of missing data is estimated, leading to a marginal log-likelihood of the observed data. For
IRT models, the unobserved (missing) data are test takers’ attribute vectors, 8, and/or latent group memberships, G. In the
M step, the marginal log-likelihood is maximized with respect to item parameters and attribute distribution parameters,
if estimated.

The complete likelihood of general IRT models based on the previous setup is

G Py
rx.o.6w=[I[I]]r (xgpilegp’ "gf)NgP .

g=1 p=1 ielg
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which can be approximated as

G Lg
( lisim
e x,0,6lw = [T [ (042) " HHp( X = sinlogmg )

g=1 I=1 zeI m=

where the superscript “appr” in L*P*(X, 0, G| ) indicates the approximation of the likelihood; p(@,, ¢) is the joint prob-
ability of group membership g and the attribute vector [ in group g; ny; is the number of test takers havmg attribute vector
®g; gyis, is the number of test takers having attribute vector @, and getting score s;,, on item i; and p(x,; = = Sim| ©g M) i
the probability of obtaining item score s,,,, conditional on attrlbute vector @, and 1tem parameters 1. Then, the complete
log-likelihood is approximately

%{‘*

G
log (L") Z ng logp ((ogl, > + Z Z Nlis, 108 P(Xgi = Sipy|®g1, M) |- (1)

g=1 I=1 zeI m=

The iterative process stops if the convergence criterion is met. Usually, the convergence criterion is the largest change
in an item parameter estimate and/or the ratio of the change of the approximate observed log-likelihood [log (L appr)]
between two consecutive iterations over the previous log (LOPE ) being smaller than predefined values (e.g., .001 and
.00001, respectively). The log ( inlzr) is estimated below.

For observed groups:
g

G P g
log (L") = ZZnglog Z 1HP< gptlwg’“gz> ’

g=1 p=1 I=1 i€l
for latent groups:
Pg G Lg
IOg aPPr 2 Np lOg Z p (mgl’ ) H‘D( gpz I(’)gl’ ngl
p=1 g=1 I=1

E Step

In the E step, the expectation of the complete data log-likelihood is estimated with respect to the posterior distribution of
attributes, that is,

P

logL(X.G M=) Y N, > [/mlogp< Xgpi® p,ng,)f(Ol g,ng)dﬂg], 2

g=1 p=1 il

where f(0,] X,,, g, ,) is the density function of the attribute vector, 8,, conditional on X,,, g, and 1. As for the approx-

imate complete log-likelihood (Equation 1), this process is essentially to estimate the expected values of ny and ng;,
conditional on X,,, G, and 1,. To do that, for observed groups, the posterior distribution of @, conditional on X, g, and
n, is needed:

Tl H p (xgpil(‘ogl’ llg,-)
il,

P <(Dgl|Xg ’g’ng> L . (3)
Z Ttgl/ Hp< gpilmg’7ngi>
zeI
Then,
Pg
ﬁgl = Zng ( gll gp° &> 'lg> (4)
p=1
and
Pg
Eglisim = ZngI (xgpi = Sim>p< gll gp? &> ﬂg> (5)
p=1
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where 71 and ;- are conditional expected values of ny and n;

with value 1 if x,,; = s;,,, and 0 otherwise. If group g is latent, then the joint posterior distribution of ®, and g conditional
on X,, and 1, is needed:

» respectively; I(x,,; = s;,) is the indicator function

p (‘%178’) [liap (xpilmgl’ ﬂgi>

p (mgz,gIXp,ng) = - : (6)
G
Zg’zl zl/g:l p ((og’l”g/> Hie[p (xpi|(’)g’l” ng’i>
Then,
Pg
g = D Nyp <‘”gl’g|Xp’“g)’
p=1
and
Pg
Nglis,,, = Z N,I (xpi = Sim>p (mgl’glxpsng> . (7)
p=1

By replacing ny and ng;,

becomes the approximate marginal log-likelihood function,

in Equation 1 with their conditional expected values, the approximate complete log-likelihood

Lg

M;
10g (Lamppr) = Z ﬁgl logp (wgl’ g) + z 2 ﬁglisim logp(xgi = Siml(’)g 7ngi) . (8)

g=1 =1 i€l m=1

Ifattribute distribution parameters are estimated, @, and 7, at iteration  + 1 are updated based on the estimated attribute
distribution parameters from the M step at iteration #, and if attribute distribution parameters are fixed, @, and m, are

L, —
fixed during estimation. The joint probability (@, ) at iteration t + 1 is equal to , 3, 5 ng/N for latent groups and

ngN,/N for observed groups, where 7, is estimated from iteration  and my; is the current value at iteration ¢ + 1.

M Step

In the M step, the marginal log-likelihood function is maximized with respect to the distribution parameters of con-
tinuous attributes, if estimated, and item parameters. The maximization takes two steps: one with respect to the item
parameters and another with respect to the distribution parameters (Glas, Wainer, & Bradlow, 2000). The maximum
number of iterations within the M step can be specified, and the same convergence criteria used for the EM cycles can
also be applied here.

Item Parameter Estimation

For item parameters, the maximization uses the Newton - Raphson method (Atkinson, 1989). That is, item i’s parameters
in iteration t + 1 are updated based on

t+1 _ ot -l (ot t
n, =mn,;—H (ng,») L (ngi) ; )
where L (n;i) is a vector containing the first derivative of the marginal log-likelihood function (Equation 2) with respect

to each item parameter; H (1];) is the Hessian matrix, which is the second derivative matrix of the marginal log-likelihood
function with respect to item parameters. According to an integration rule called differentiation under the integral sign
(Lang, 1997, pp. 337-339), which is applicable here, the derivatives of the marginal log-likelihood function can be approx-
imated by the derivatives of the approximate marginal log-likelihood function (Equation 8). Therefore, in the maximiza-
tion process, we actually calculate the first and second derivatives of the approximate marginal log-likelihood function
with respect to item parameters within an item:

()log (Lifpr) . M alogp (xgi = Simlwgl’ ngi)

G g
aniv - Z Z Z_ nglisim aniv '
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and
P log( appr G L M; ?*logp (x Sim| @ ngl>
o 5
anwanw’ ; ; ieI%:l &¥im anivaniv/

g

where 1, and 1;,, are item parameters of item i. Thus the calculation of the derivatives of the approximate marginal
log-likelihood function is essentially calculating the derivatives of p(x,; = s;, | @4, M,;) With respect to item parameters
of item i. In the following, the derivatives for the multigroup and multidimensional response functions with the GPCM
form (MGPCM), the GRM form (MGRM), and the 3PL form (M3PL) are presented.

Generalized Partial Credit Response Function

The response function of the MGPCM can be written as (von Davier, 2008)
pglis,vm =p <xgi = Siml(")gl’ ngi) =p (xgi = Wnlm 1> 1’az>

exp < isi T ZJGJ 2ijqiiWej lrn>
- , (10)
Z €xp (bisimr + Zje]g aijqingljsim’)

m'=1

where b;; + ZJEI a;9;iWeSii = 03 b, 1s the intercept parameter for score category s;,,; a;; is the discrimination (slope)
parameter for attribute Js and wg; is "the attribute J in the attribute vector, ®,. The derlvatlon of the derivatives of

log (Pglisim> with respect to b, and a; becomes easy by taking advantage of the properties of the exponential family.
Equation 10 can be rewritten in the form of the exponential family as the following (Barndorft-Nielsen, 1978):

pglisim = exp bis,-m + Z AiiqiiWgljSim — < gl’b LY ) > (11)

=g

M;
where A ( g, b;, a,-) = log [Zm/zl exp (b,-sim, + ZjEIg A4 Qi Wi Simt >] . Then, for q;; = 1,

dlog <Pglisim> s 0A
—_— = WS, — —
oay; gymm oay;
and for t #s;,,
alog (pglis,-m) (s — t) _ %
ob, V" oy
Note that the subscript s;,, in b, is changed to t so as to distinguish it from item scores. The second derivatives are the
following:
Forg;=1and gy =1
0 log <pglisim> _ PA
aaijaaij! B aaijaaij/ ’
for t#s; and t #s;
0 10g <pglisim> _ A
0b;,0by 0b;0b;,°
forg; =1landt#s;
0 log (Pglisim) _ PA
day;0b;, 0a;;0b;,
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Based on a property of the exponential family (Barndorff-Nielsen, 1978),

oA
o~ F (T3)
aZ—A = Ccov (Tiv’ TI'V,) =FE (TiVTiV,) —E (Tl )E (TiV’) 5
anivaniv’

where T;, and T;, are sufficient statistics for item parameters 1, and n,,, respectively, and the expectations are with
respect to x,; conditional on @y, b;, and a;. According to Equation 11, the sufficient statistic for a;; is wg;x,;, and then

M.
0A _ _ _ ’ _ b
—— = E(WyXyi ) = wyE | xgi ) = Wy Z Sim P Xgi = s,-m/l(ogl, i
m'=1

da;;
A 2 2
e cov (ngjxgi’ wg,j,xgi) = WeiWer E <xgi> — WiWer E (xg,->
a,] a,]/
2
M; M;
— 2 — —
= W Wiy Z o P (xgi = S |®g, by, ai) — WeiWeyy Z Si' P (xgi = S |®g, b, a,-)
m'=1 m'=1

The sufficient statistic for by, is I(x,; = t), and then

PA oy o1 )] o 7 7 102 =)
— = =t), = = )
0b;;0b;y ¢ ¢ p (xgi = tlog, b;, ai> — [p (xgi = tlog, b;, ai)] =t

PA I —¢
0a;;0b;, RN
M;
= WP <xgi = tlmgl’bi’ai> t— Z Sim'P (xgi = Sim’|‘9gl’bi»ai>
m'=1

Graded Response Function
For the MGRM, the item response function is an extension of Samejima’s (1969) unidimensional GRM and can be written
as (Cai, 2010a)

pglism =p (xgi = Simlwgl’ ngi) =p (xgi = Simlwgl’bi’ai>
=p <xgi = Sigm—1)| O, bis,-(m_l)’ ai) -p (xgi = Sim | @y, bisim’ai>
e ok
T gl iS(n—1) pgl is,,’

where p*.  is the cumulative item response function for x,; > s;,, conditional on ®, b;,. , and a;, that is,
glis,, & m 8P T 1Sim !

* _ ¥ — —
pgliSim =p (xgi - Simlmg ’ngi) =p <xgi > Simlmg’ bisim’ ai)

exp (bis,-m + Xjey, “iﬂij%lj)

)

1 +exp <bi5im + Zje]g aijqing,j>

*
Pyisy = L
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* —
P Slisiyg; 0
The first derivative of lo . ) with respect to item parameter, 1., is written as
g ngtm p p an
log( p*. *
o ’ °g<P g’”i(m—n) e al"g("glis;m)
dlog <Pglis ) &lisin—1) My glisip, My
im
- % ok
aniv Pglisi(m_l) pglisim
Because p*. and p*.  are just the special cases of the GPCM function for dichotomous items, all the derivative results
&8Si(m—1) 8im ) p
resented in the preceding section apply to p*. d p*. . In particular, form#0or M, and g;; = 1,
p p g pply 2isim1) gis,," P i dij
*
alog (Pglisim > *
P = Weii — WetiP i, >
ij
and for m # 0 or M;,
dlo ( * > _
8 Pglzsim _ 1 - p;isim’ L= Sims
by 0, t# Sip-
Then,
7 log <pglisim ) ) y
aaij = &lj (1 _pglisi(m_l) _pglisim> ’
and _
p;lis,-m (p;isim _1>
e L= Sims
—tm = * 1-p*
ab,-t < Pglzsi(y:—l) Pgl;si(m—l)> = Sim1>
P =P
isign—1) * isim
0, otherwise.

For the second derivatives of log ( Paiss,, ) with respect to item parameters where m # 0 or M,

2
2 _ _ — p* — p*2 -
0 log (pglisim> p;li%m (1 ;lisim > <2p;li5im 1) <p;li5i(m—1) p;lisim > p;lisim (p‘;klisim 1)

- ’

ob,, b, ( . )2
pglisi(m—l) pglisim

1S 1Sim

2
2108 (P, ) Py (P = 1) (225 = 1) (Bl =i, ) =Py (Pl = 1)
8 \ Pgis,, pgl”i(m—l) pgl”i(m—l) pgl”i(m—l) pgl”i(m—l) pghsim pgllsi(m—l) pgllsi(m—l)

. . 2
ablSi(m—l) ab“i(m—l) . - p*.
ghsi(m—l) glisiy,

) % % _ % % _
9" log <pgli5im) pglisi(m—l) (pglisi(m—l) l)pglisim <pgli5im 1)
abisim abisi(m_l) * % 2
pglisi(m—l) Pglisim

and for t #s;,, or 5, _ 1), OF t #s,, or Sitm—1)>

>

bl

8 10g (pglisim >

abitabiy
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ifg;=1landgy =1,

2
J log (pglisim > % s %2 %2
—_— = Wy W . +pl —p  —pi ;
5%0%/ el (pghsim pghsi(m—l) pghsim gllsi(m—l))
if ;i = 1,
* *k
w_.p" I 1) s t=s,,
()2 log (pglis- ) glJpgltsim (pglzsim m
T * * _ _
aaijabit ngjpglisi(m—l) pglisi(m—l) L) 1= Sign—)»
0, otherwise.

Three-Parameter Logistic Function

The M3PL function for dichotomous items is written as (Reckase, 1997)
Pglis;, =P <xgi = splog, 'lgi) =p <xgi = splog, b, a;, Ci)

=Cl+(1—61)

1+ exp (biSiz + Zjelg “iﬂinglj)
pglisi1 =1 _pglist-z’
where ¢; is the guessing parameter. For easy estimation, define
L _ew(9)
"o l4exp (c}) ’

and ¢/ is the item parameter to be estimated. Let

exp <bi5i2 + Zjefgf aijqinglj>
W =

1+ exp (b,-si2 + Zjejgf aijqinglj)

The derivatives of log < Dgis, ) with respect to item parameters are shown as follows:
i2
For ¢

dlog (Pglis,2> (1-W)exp (c))
oc, Pais, [1 + exp (C:)]z

?*log (pglisl-2> (1= W) Pgiis, [1—exp(2¢))] exp () — (1 - W)? exp (2c))

?2 - )
% 2, [1+exp (¢)
For 1, and n;» in b,-si2 and a;
dlog (Pglisiz) = (1-¢) W&log(W)/p }
aniv ! an N glis;y*
Let
) dlog (W)
W, = (1-g) wiEW
Then,
W _ (1-¢) [ dlog (W) dlog(W) 0" log (W)
aniv/ l aniv’ arliv dnivdrliv’ '
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#10g (P, ) | ow M

afl iv aﬂ iv! - ()T] iv! - ! aﬂ i

p glis;»

w

alog(W) dlog (P glisiy ) /
-W—="—=—-(1-W) ——==| exp (c;
0 IOg (pglisi2> l on; oy P ( 1)

on;,oc - Pgis,, [1+exp (cf)]z

Again, the derivatives of log(W) are the special cases of the GPCM function for dichotomous items.

As for lo ), the derivatives with respect to any item parameters 1., and n., in ¢/, b.._, and a; are
g pgllsl1 P y P Niv Niv i> Yisp i

d 10g (pglisil ) J log (pglisiz )
- -1 )
aﬂ iv aﬂ iv ( i

0% log (pglisil > 0% log <pglisi2> dlog (Pglis,-2> dlog <p i Si2> 5
- sy 1) — Pgi ( - 1) .
on;,on;, on;,on;, <P glisj p glisj on,, o, p glis;,

Attribute Distribution Parameter Estimation

For a multivariate normal distribution vector @, its distribution parameters, mean vector p, with elements p,;, and
variance - covariance matrix X, with elements 6/ can be estimated, where k (k=1to ], K=1to] o) represents the kth
attribute in group g. Specifically, the estimation is to find p, and X, maximizing the approximate marginal log-likelihood
function given item parameter estimates in 1, obtained from the maximization step, which in turn is to maximize the sum
(over all test takers in group g) of the expected logarithm of the density of @,; with respect to the posterior distribution

of ®, conditional on X, g, and 1, (Glas et al., 2000; Li, Bolt, & Fu, 2006), that is,

8P’

Pg
D (mg,) = Pz:; Ny, E {log [q) (mg,)] X 8- ng} :

where ¢p(®)is the multivariate normal density function of ®;.
Based on the integration rule, differentiation under the integral sign, the first derivatives of D(@) with respect to the
distribution parameter vector 8,, where 8, contains all parameters in p, and X, become

oD (o) dlog [q) (mg,>]
3,

The derivatives of log[q)((ogl)] with respect to [T and Eg (Anderson, 1958) are

otog ¢ (o)

- (o0
on, ¢ \ o T Hg

ox, 2

dlog [q’ ("’g’>] 1 [
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where
: soefo(0g)] - ore(@y)]
dlog [cl) ((og,>] ~ dlog [cb ((ogl>] N dlog [cb ((ogl>] ' dlog [cl) ((og,>] ~ 06?11 aciljg .
o, B Optgy Oy, ’ 0x, - 0log[¢((1)gl>] ' 0log[¢'<(l)gl>] ’

(-)" denotes the transpose of a vector or matrix; and both g and p, are J, X 1 vectors. Substitute these two equations into
the first derivatives of D(@,;) (Equation 12) with respect to p, and X, respectively, and set the derivatives to zero. The
solutions of K, and z, from these functions that maximize D((;)gl) (Rayner, 1985) are then

L
g
My = 2 Ogp <(’)gl|XgP’g’ ng)
=1

Lg

X, = Z (@gz - ug) (mgz - ug>,P (mgzIXg & ng) :

=1

They are just the mean vector and variance - covariance matrix of the posterior distribution of the attributes at the current
iteration.

Attribute Estimation

With the estimates of item parameters and continuous attribute distribution parameters available, test takers’ attribute
vectors can then be estimated. Two approaches for attribute estimation are described in this section: maximum a posterior
(MAP) and expected a posterior (EAP).

Maximum A Posterior

The MAP estimate of an attribute vector (8,,) and/or a latent group membership to a response pattern is just the attribute
value (or quadrature point) vector and/or latent group membership having the largest posterior joint probability condi-
tional on the response pattern and item and/or population parameters that are the by-product of the E step (Baker & Kim,

11Xgp &5 ﬁg>, and the MAP estimate of

2004). In particular, the MAP estimate of 8, is the ®,; that has maximum p <ﬁ)g

the latent group membership is the g that has maximum Zng p <0ng’ 81X, ﬁg>

Expected A Posterior

The EAP estimate of an attribute vector for a response pattern conditional on a group is the expected value of an attribute
vector with respect to its joint posterior distribution conditional on the response pattern, group membership, and item
and/or population parameters (Baker & Kim, 2004); that is,

L
g
=1

Variance and Covariance Matrix of Attributes

The covariance matrix of @, estimates for response pattern p in group g (Haberman, von Davier, & Lee, 2008) is

wﬁ

~ N ~ ~ \/
cov <0gp> =P (""gl | Xgp’“g’g) (‘”gl - egp) <°°gl - ng) :

Il
-
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The covariance matrix of §, estimates for observed group g (Haberman et al., 2008) is

P
g

~ 1 ~ —\ /A~ N

cov <9g> = ﬁg Z{ng <9gp - 0g> <0gp - Og) ’
p=

where
P
_ 1 ~
0,=— > N_0,.
g &P 8P
Ng 7=
For latent group g,
~ . P, L, N
cov <9g> = 2 XN (mgl’g|xp’“g) (egp - 9g> <0gp - 0g> .
L2, g p=l =1
where
1 Pg Lg ~
b =— N,Bgpp (wgl’glxp’ng)'

X5, g b=l =L

Simulation Study: Model Parameter Recovery

The MML-EM estimation procedure described previously was implemented in the freeware program R. A simulation
study was conducted to examine item and/or attribute distribution parameter recovery on nine GPCM-related models.
These models varied by the number of item parameters (one or two), number of item score categories (two or three),
number of attributes (one or two), number of groups (one or two), and group feature (observed or latent). The basic
models are GPCM and its two submodels for dichotomous items, 1PLs and 2PLs. The tradition 1PL, 2PL, and GPCM
models are just the one-group one-attribute models. Following are some key points on the setup of the simulation study:

1.

A simulated data set included 10 items, either all dichotomous items or three-category polytomous items. Dichoto-
mous items were scored as 0 or 1, and polytomous items were scored as 0, 1, or 2. Discrimination parameters were
drawn from a lognormal distribution with mean 1 and variance .04 on the normal scale. For models with two
attributes, some items only required one attribute, while the others required both. Intercept parameters were drawn
from the standard normal distribution. For the multigroup models with two observed groups, the item parameters
of all items, except one, were constrained to be equal across the two groups. For the mixture models with two latent
groups, no item parameter was constrained to be equal across the two groups.

A simulated data set included 3,000 test takers. For two-group (multigroup or mixture) models, test takers were
evenly divided into groups. For one-group models with one attribute, the continuous attribute was sampled from
the standard normal distribution. For one-group models with two attributes, the two continuous attributes were
sampled from the standard bivariate normal distribution with a correlation of .7. For two-group models with one
attribute, the attribute for one group was sampled from the standard normal distribution and for the other group
was sampled from the normal distribution with mean 1 and standard deviation 1. For two-group models with
two attributes, the attribute for one group was sampled from the standard bivariate normal distribution with a
correlation of .7 and for the other group was sampled from the bivariate normal distribution with mean vector (1,
1) and correlation .5.

Model identification was achieved by imposing the following constraints during estimation. For one-group models
with one attribute, the mean and standard deviation of the prior distribution of the attribute were fixed to 0 and 1,
respectively. For one-group models with two attributes, the means and standard deviations of the prior distribution
of the two attributes were fixed to 0 and 1, respectively; the correlation was freely estimated. For multigroup models
with two groups and one attribute, the mean and standard deviation of the prior distribution of the attribute for the
first group were fixed to 0 and 1, respectively, and all item parameters, except for those of one item, were constrained
to be equal across the two groups. The mean and standard deviation of the prior distribution of the attribute for
the second group were freely estimated. For multigroup models with two groups and two attributes, the means
and standard deviations of the prior distribution of the two attributes for the first group were fixed to 0 and 1,
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Table 1 Root Mean Square Error of Model Parameter Estimates

Attribute Attribute population

population standard deviation
Model Discrimination Intercept mean and/or correlation
1PL model NA .047 NA NA
2PL model 078 .057 NA NA
GPCM model .052 .076 NA NA
Two-dimensional GPCM model .102 .083 NA .051
Two-group GPCM model .084 .088 .161 .064
Two-group two-dimension GPCM model 114 .094 .067 .051
Two-group mixture 1PL model NA .094 NA NA
Two-group mixture GPCM model .091 117 NA NA
Two-group two-dimensional mixture GPCM model 177 130 NA .058

Note. 1PL = one-parameter logistic. 2PL = two-parameter logistic. GPCM = generalized partial credit model. NA = not applicable.

respectively, and all item parameters, except for those of one item, were constrained to be equal across the two
groups. The mean vector and variance - covariance matrix of the prior distribution of the two attributes for the
second group as well as the attribute correlation for the first group were freely estimated. For mixture models with
two groups, all the parameters of the prior distribution of attribute(s) were fixed to their true values, except that
the correlations between the two attributes in both groups were freely estimated. For models with one attribute, the
attribute distribution was approximated by 40 quadrature points; for two attributes, the attribute distribution was
approximated by a 30 X 30 quadrature grid.
4. The model convergence criterion during estimation was that both the largest change of item parameter estimate
and the change of the approximate observed log-likelihood, —2log (insr), between two consecutive iterations be
smaller than .001. For the M step, only one iteration was allowed. For each model, 30 data sets were generated and
estimated. The evaluation criterion for parameter recovery was the root mean square error (RMSE) of parameter
estimates across the 30 data sets.

Table 1 lists the RMSEs of model parameter estimates for each model separated into four categories: item discrim-
ination, item intercept, mean, and standard deviation/correlation of the population distribution of attribute(s). From
Table 1, one can see that (a) when the models became more complicated (i.e., including more groups and/or attributes),
their parameter recovery became somewhat worse, and that (b) parameter recovery was more difficult for the mixture
models than the multigroup models. Overall, parameter recovery was reasonable for these models.

Summary

The extended MML-EM provides a nicely integrative framework to estimate all commonly used IRT models (i.e., GPCM,
GRM, and 3PL) with multiple (observed or latent) groups and multiple attributes. All estimation functions and derivatives
are provided in this report. This procedure was implemented in an R program. A simulation study was conducted using
this R program and showed reasonable parameter recovery.

The inverse of the negative Hessian matrix was used to approximate the variance - covariance matrix of model param-
eter estimates. However, this estimation of standard errors of model parameter estimates has been shown to have bias
because the Hessian matrix is not based on the complete data (Liu, Xin, Andersson, & Tian, 2019; Sundberg, 1974). Many
estimation methods for standard errors of model parameter estimates have been proposed and compared; see Liu et al.
(2019) for a summary and further discussion. Those standard error estimation methods are easy to incorporate into the
extended MML-EM estimation procedure developed in this report.

The quadrature space grows exponentially with the number of attributes. Based on the author’s experience, each
attribute should have at least 20 quadrature points for models with known attribute distribution parameters and at
least 30 quadrature points for models with estimated attribute distribution parameters to achieve adequate accuracy of
parameter estimation. Thus, for models with more than three attributes, the excessive number of total quadrature points
becomes a serious burden for computation. This issue has been addressed by using adaptive quadrature (Haberman,
2006; Schilling & Bock, 2005), stochastic methods (Cai, 2010b; von Davier & Sinharay, 2007), and dimension reduction
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via utilizing the special feature of attribute structure, for example, the bifactor models (Cai, 2010a; Gibbons & Hedeker,
1992) and, more generally, the graphical models (Rijmen, 2009). The models and the estimation procedure presented in
this report provide a basis for these advancements.
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